13C nuclear magnetic resonance (13C-NMR) was used to investigate the metabolism of citrate plus glucose and pyruvate plus glucose by nongrowing cells of Lactococcus lactis subsp. lactis 19B under anaerobic conditions. The metabolism of citrate plus glucose during growth was also monitored directly by in vivo NMR. Although pyruvate is a common intermediate metabolite in the metabolic pathways of both citrate and glucose, the origin of the carbon atoms in the fermentation products was determined by using selectively labeled substrates, e.g., [2,4-13C] The metabolism of citrate by lactic acid bacteria (LAB) has been the subject of many research studies (3, 5, 10, 19, (22) (23) (24) 30) , since citrate is a precursor of diacetyl, an important aroma compound in fermented dairy products. Furthermore, C02, an additional product of citrate fermentation, is important for eye formation in many cheeses (13).
13C nuclear magnetic resonance (13C-NMR) was used to investigate the metabolism of citrate plus glucose and pyruvate plus glucose by nongrowing cells of Lactococcus lactis subsp. lactis 19B under anaerobic conditions. The metabolism of citrate plus glucose during growth was also monitored directly by in vivo NMR. Although pyruvate is a common intermediate metabolite in the metabolic pathways of both citrate and glucose, the origin of the carbon atoms in the fermentation products was determined by using selectively labeled substrates, e.g., [2,4-13C] citrate, [3-13C] pyruvate, and [2-13C] glucose. The presence of an additional substrate caused a considerable stimulation in the rates of substrate utilization, and the pattern of end products was changed. Acetate plus acetoin and butanediol represented more than 80% (molar basis) of the end products of the metabolism of citrate (or pyruvate) alone, but when glucose was also added, 80%o of the citrate (or pyruvate) was converted to lactate. This result can be explained by the activation of lactate dehydrogenase by fructose 1,6-bisphosphate, an intermediate in glucose metabolism. The effect of different concentrations of glucose on the metabolism of citrate by dilute cell suspensions was also probed by using analytical methods other than NMR. Pyruvate dehydrogenase (but not pyruvate formate-lyase) was active in the conversion of pyruvate to acetyl coenzyme A. a-Acetolactate was detected as an intermediate metabolite of citrate or pyruvate metabolism, and the labeling pattern of the end products agrees with the a-acetolactate pathway. It was demonstrated that the contribution of the acetyl coenzyme A pathway for the synthesis of diacetyl, should it exist, is lower than 10%o. Evidence for the presence of internal carbon reserves in L. lactis is presented.
The metabolism of citrate by lactic acid bacteria (LAB) has been the subject of many research studies (3, 5, 10, 19, (22) (23) (24) 30) , since citrate is a precursor of diacetyl, an important aroma compound in fermented dairy products. Furthermore, C02, an additional product of citrate fermentation, is important for eye formation in many cheeses (13) .
Citrate-positive Lactococcus lactis subsp. lactis and several Leuconostoc species are widely used in milk fermentations. Although there are recent and interesting reports of strains capable of utilizing citrate as the sole carbon source (24) , the large majority of studies deal with citrate-sugar cofermentations, lactose and glucose being the most usual sugars. Taking into account the complex composition of milk, this seems a more realistic approach to understanding natural LAB fermentations, in which strong interrelationships among the metabolisms of different substrates can be expected. In fact, reports on alteration of the pattern of fermentation end products as a result of multiple-substrate utilization are common in the literature (4, 11, 14) . For instance, in a recent study on the cometabolism of sugar and glycerol in lactobacilli, it was found that the sugar metabolism was influenced by the presence of glycerol insofar as a larger proportion of intermediate metab- olites (e.g., pyruvate) are channeled toward NADH-producing reactions (29) . Cell permeabilization. Cells were harvested and prepared as described above. The cell suspension was incubated for 15 min at 37°C with 0.5 mg of lysozyme per ml. After incubation, the cells were cooled on ice and 0.03% Triton X-100 was added.
The permeabilized cells were transferred to an NMR tube, and the experiment was started immediately. Thiamine PP1 (final concentration, 1 mM) was added to the cell suspension.
Measurement of end products. The end products were determined in the supernatants obtained as described above. Fig. 3 . Glucose labeled on C-2 was chosen since this allows one to distinguish between the metabolites generated from citrate (or pyruvate) and those derived from glucose. According to the metabolic pathways shown in Fig. 1 Citrate was consumed at a rate of 220 pmol * min-' -g (dry weight) of cells-', and glucose was utilized at 100 ,umolmin-' * g (dry weight) of cells-' (Fig. 3) . ot-Acetolactate was transiently detected during the fermentation, but only trace amounts were found in the supernatant solution. Pyruvate did not accumulate during metabolism of citrate plus glucose.
During pyruvate-glucose cometabolism, pyruvate and glucose were utilized at 130 and 50 ,umol * min-' -g (dry weight) of cells-', respectively. Metabolism of glucose as the sole carbon source proceeded at 24 pLmol -min-1 * g (dry weight) of cells-'.
End products of metabolism as analyzed by 'H-NMR. 'H-NMR was used to evaluate the '3C enrichment of the end products and to quantify products from the metabolism of added labeled substrates. Figure 4 shows the 'H-NMR spectra of the liquid supernatants obtained in experiments in which citrate plus glucose (Fig. 4A) or pyruvate on its own (Fig. 4B) were provided to the cells. The resonance patterns due to the methyl groups of acetoin, lactate, acetate, and 2,3-butanediol are highlighted in Fig. 4 were the end products in this fermentation, and the time course for their production is shown in Fig. 7B . The carbon recovery from citrate plus glucose was 90%, and the pattern of end products obtained is illustrated in Fig. 5 (Fig. 8) . The label derived from [2-13C]pyruvate was observed in the CHOH group of lactate, the CO and CHOH groups of acetoin, and both CHOH groups of 2,3-butanediol, as expected for the metabolism of [2-'3C]pyruvate (Fig. 1) . The detection limit of the spectrometer under our experimental conditions was checked by using a 13C-NMR spectrum of a solution containing 0.1 mM acetoin labeled with 13C on both methyl groups, that was run under conditions identical to those of the spectrum shown in Fig. 8 . A signal-to-noise ratio of 10:1 was obtained, and therefore the detection limit was ca. 20 ,uM. From the total concentration of acetoin in the supernatant of this experiment, as determined by the Westerfeld method (32), it is concluded that the contribution of the acetyl-CoA pathway, should it exist, must be lower than 10%.
DISCUSSION
For a better knowledge of the metabolism of fermentative organisms, it is important to determine the origin of fermentation end products. pounds and NMR techniques to identify the origin of end products from the metabolism of multiple substrates by L. lactis, a type of information which can be derived with certainty from other analytical methods only if all the end products are determined, the carbon recoveries are complete for all substrates, the metabolic pathways are firmly established, and the contribution of the metabolism of internal reserves is negligible.
Our results clearly demonstrate a strong interrelationship between the metabolisms of citrate (or pyruvate) and of glucose, an observation in line with previous studies involving mainly heterofermentative bacteria (4, 8, 17, 18 (Fig. 5) . A larger proportion of acetoin than of 2,3-butanediol was produced from citrate, and comparatively much more lactate was formed. Less pyruvate (derived from citrate) was channeled to acetate via pyruvate dehydrogenase (see below), and the redox balance was fulfilled through lactate dehydrogenase rather than by 2,3-butanediol dehydrogenase, as was the case when pyruvate was the substrate supplied.
The presence of glucose in addition to either citrate or pyruvate changed the patterns of end products considerably (Fig. 5) . Together, acetoin and 2,3-butanediol represented ca. 50% (molar basis) of the products from the metabolism of citrate (or pyruvate) alone, and the contribution of lactate was at the most 20%; however, when glucose was also present, a clear metabolic shift toward the production of lactate occurred, and this metabolite represented ca. 80% of the fermentation products derived from citrate (or pyruvate). Fructose 1, bisphosphate, produced during the homofermentative metabolism of glucose, may be responsible for this effect, because this intermediate metabolite is known to be a strong activator of lactate dehydrogenase (7, 33) . In the presence of glucose almost all the available pyruvate was converted to lactate; a small amount of acetoin was found as an end product, but no 2,3-butanediol was detected, since the cell redox balance is maintained via NADH oxidation by the reaction catalyzed by lactate dehydrogenase.
Reciprocally, the analysis of end products derived from glucose when an additional source of pyruvate was present reveals a shift from the expected homofermentative pattern of glucose. The labeling pattern of the end products shows that acetoin and increased amounts of acetate were produced from glucose, suggesting that a larger proportion of the intermediate metabolite pyruvate is channeled to acetate production and x-acetolactate synthesis.
The enzyme responsible for acetate production from pyruvate in streptococci under strictly anaerobic conditions is pyruvate formate-lyase (1, 34 (27, 30 (8, 24, 27) , our work shows that the main pathway to acetoin production in this organism is via ot-aceto- lactate. The resonances of this metabolite were found in the consecutive spectra after citrate (Fig. 2) or pyruvate addition and during the metabolism of citrate plus glucose, by both growing (Fig. 6) showed that no diacetyl or its products, acetoin and 2,3-butanediol, were derived from acetyl-CoA. If the main precursor was diacetyl, as suggested by some workers (5, 15) , the label from acetyl-CoA would be found in the methyl group of acetoin or 2,3-butanediol or both, a result which was not observed in our experiments. The detection limit under our experimental conditions was ca. 20 FAM, and it can be concluded that if the enzymatic synthesis of diacetyl exists, its relative contribution is lower than 10%. This conclusion is fully supported by recent results obtained with Leuconostoc oenos (15a) , which showed that under anaerobic conditions, no diacetyl was detected and neither acetoin nor 2,3-butanediol was formed via the acetyl-CoA condensing pathway; however, under aerobic conditions, considerable amounts of diacetyl with a labeling pattern consistent with derivation from ox-acetolactate were detected by '3C-NMR. The results presented above showed that significant amounts of x-acetolactate accumulated during citrate-glucose fermentation. Thus the explanation for the presence of diacetyl in dairy products resulting from anaerobic fermentations (31) could be due to decarboxylation of ox-acetolactate during product manipulation processes following fermentation and/or with decomposition of that compound during the analytical procedures used in the determination of diacetyl.
The observation that considerable amounts of nonlabeled lactate and acetate accumulated in the supernatants from the metabolism of labeled citrate or pyruvate (Fig. 4) is interesting. Moreover, in the experiments involving single-carbon-labeled glucose, nonlabeled lactate, acetate, and alanine were also found in larger amounts than expected. Given the high percentage of enrichment of the labeled substrates supplied, those nonlabeled products were necessarily derived from internal reserves. The identification of internal carbon reserves was attempted by running natural-abundance ' 3C-NMR spectra of whole cells; only very broad lines were observed, indicating a highly immobilized form of the reserve compounds. The low value for the lactate/acetate ratio, 1 to 3, in the end products derived from the internal reserves suggests that the reserve polymer is not a polysaccharide. The findings in the present studies contrast with those of earlier experiments, which showed that lactococci have no internal reserves (25) . Work is in progress to identify the carbon reserves.
